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We developed a variation of Fourier transform holography (FTH) method to record larger objects than those tolerable in conventional FTH. This method eliminates the separation condition of FTH by removing the autocorrelation signal, thus allowing three-fold larger specimens than those previously used in FTH under the same illumination conditions. We experimentally demonstrated this FTH variation, using a table-top Ag X-ray laser at 13.9 nm, with a sample violating the separation constraint. The portion of the object image hidden behind its autocorrelation in the FTH image was recovered by subtracting an independently measured autocorrelation signal of the object. Lensless imaging coupled with coherent X-ray source is an emerging technology used to obtain microscopic images with high spatial resolution. [1] [2] [3] Lensless imaging can overcome the restrictions of conventional X-ray microscopes using inefficient X-ray diffractive lenses, [4] [5] [6] because it reconstructs object images from far-field diffraction patterns by employing numerical procedures. 7 X-ray lensless imaging methods, such as Fourier transform holography (FTH) [8] [9] [10] [11] and iterative phase retrieval methods, [12] [13] [14] [15] have common advantages of compactness, an absence of aberration, and the capability for phase object observation. In particular, FTH can immediately produce a reconstructed image without numerical ambiguities through the simple Fourier transform of a diffraction pattern. 16 Thus, FTH is an attractive tool for the investigation of nanometer-scale objects that offers real-time reconstruction capability. [17] [18] [19] In FTH, a hologram is formed from the interference between the diffracted wave from an object and the spherical wave from a reference pinhole. For the proper reconstruction of holograms, an appropriate distance between the object and the reference, along with sufficient reference wave strength, are necessary. Even though several types of extended references have been proposed to improve the strength of weak reference waves, [20] [21] [22] [23] a method to overcome the problems posed by the separation condition has not been devised. Also, the FTH separation condition demands a coherent illumination area that is three times larger than the size of specimen. 21 Thus, the limitation posed by the separation condition should be overcome in order to facilitate imaging of large specimens, especially for illumination sources with weak brightness and poor coherence.
In this letter, we propose a modified FTH method, named autocorrelation-subtracted FTH (AS-FTH), to eliminate the separation condition of FTH. AS-FTH eliminates the separation condition by removing the autocorrelation of an object from the FTH image. This approach is advantageous when imaging large specimens with a light source of limited flux and coherence, because AS-FTH requires a much smaller coherent illumination area than the conventional FTH. In this study, the AS-FTH was performed using a table-top Ag X-ray laser, which is relatively weaker and less coherent than X-ray free electron lasers. A sample plate including a reference point violating the separation condition was prepared, and, thus, some part of the reconstructed image was veiled under the autocorrelation signal. In order to remove the autocorrelation signal, the diffraction pattern of the object without the reference pinholes was acquired separately. The hidden portion of the object image was then uncovered by subtracting the separately obtained autocorrelation signal of the object from the reconstructed image.
Conventional FTH requires a large separation between an object and a reference pinhole. The required illumination area for FTH is determined by the radius, r, of the object and the distance, d, between an object (O) and a reference pinhole (R). Figure 1(a) shows an example of a typical FTH sample (S), and the reconstructed FTH image can be described as the autocorrelation of the sample as follows:
where represents a correlation operator. 24 In the FTH image, the autocorrelation signal, O O þ R R, with a radius of 2r is placed at the center and the object images (O R, R O) are placed at the distance d from the center, as shown in Fig. 1(b) . In order to avoid overlapping between the object images and the autocorrelation signal, the separation condition, d > 3r, should be satisfied. 21 However, if the autocorrelation signal can be removed from the reconstructed image, the separation condition can be eliminated. Since R R is negligible for a tiny reference pinhole, the central autocorrelation signal can be effectively erased by Fig. 1(b) . It demonstrates that the veiled portion of the object image under the autocorrelation signal in Fig. 1(b) can be recovered through AS-FTH. Even though this method requires the separate acquisition of the object diffraction, it enables a reference pinhole to be placed near the object. Therefore, AS-FTH allows obtaining a holographic image using a coherent illumination area close to the size of the object, i.e., nine-times smaller coherent photons than that required by conventional FTH.
The proposed AS-FTH technique was demonstrated using a table-top Ni-like Ag X-ray laser at 13.9-nm wavelength. Figure 2 shows the schematic layout of AS-FTH. The X-ray laser was generated from a 9-mm-long Ag medium pumped by a Ti:sapphire laser pulse with 2-J energy and 8-ps duration. 25 In addition, it was optimized to obtain an output power of 1.5 lJ per pulse, corresponding to 10 11 photons. The generated X-ray laser was focused onto a sample plate by a Mo/Si multilayer mirror of 15-cm focal length and 60% reflectivity. On the sample plate, the focal spot was about 80 lm in full width half maximum. The number of coherent photons in an X-ray laser pulse was 10 9 , contained within an area of 16-lm spatial coherence length measured with the Young's double slit method. 26 In order to block the stray light a 200-nm Zr filter was placed in front of the sample plate. The diffraction signal from the sample plate was recorded using an X-ray CCD, having 2048 Â 2048 pixels with a unit pixel size of 13.5 lm, located 42 mm away from the sample plate. For the sample plate, a " h" pattern with a size of 3 Â 5 lm 2 was carved using a focused ion beam (FIB) on 300-nm-thick Au film coated on a 50-nm-thick Si 3 N 4 membrane. The inset images ((i) and (ii)) in Fig. 2 are scanning electron microscope (SEM) images of the sample plates without and with 140-nm-diameter reference pinholes, respectively. In the latter sample plate, one reference pinhole satisfies the separation condition, while the other not. In the experiment, we obtained the diffraction signals of these samples separately, for the AS-FTH process.
AS-FTH was realized as follows. First, the diffraction signal of the " h" pattern without a reference pinhole was recorded using a single X-ray laser pulse, to define the autocorrelation signal of the object. In the reconstruction, the diffraction signal contained within the central 1024 Â 1024 pixels was used, and the corresponding single pixel size in the reconstructed image was 42 nm. Figure 3(a) shows the diffraction signal of the " h" pattern, while Fig. 3(b) is its inverse Fourier transform, i.e., the autocorrelation signal of the " h" pattern. Then, reference pinholes were fabricated in the sample plate using FIB, and the resultant diffraction signal was acquired. Figure 3(c) shows the diffraction signal of the sample plate with reference pinholes, while Fig. 3(d) shows the reconstructed image of the sample plate. The image in Fig. 3(d) contains two independent " h" pattern image sets reconstructed from the two reference pinholes; one satisfies the separation condition and the other violates it. For the reference pinhole satisfying the separation condition, the images from the pinhole were clearly reconstructed. However, in the other images in Fig. 3(d) , a part of the object image is hidden under the autocorrelation signal, due to the violation of the separation condition. In this case, the direct image reconstruction was not achievable.
The hidden component of the " h" pattern images was unveiled by subtracting the autocorrelation signal of the " h" pattern from the reconstructed images with the reference pinholes. For the proper subtraction of autocorrelation, the signal level and image orientation of two autocorrelations should match, for which the diffraction signals were normalized and the orientation of samples was kept the same. Figure  4(a) shows the reconstructed AS-FTH image produced by subtracting the image in Fig. 3(b) from that of Fig. 3(d) , and the shape of the revealed " h" pattern is clearly observable. The intensity profiles in Fig. 4(b) of the unveiled AS-FTH image (red arrow) and the normal FTH image (blue arrow) in Fig.  4(a) show almost identical except the negative signal at the left background part. The spatial resolution estimated from knife-edge method was about 140 nm and 120 nm for AS-FTH and normal FTH images, respectively.
We performed simulations of AS-FTH to analyze the image deformation appearing in the AS-FTH in Fig. 4(a) . The deformation of the image can come from the change of experimental conditions between diffraction image acquisitions such as illumination change and noise. Here, we show the simulation results taken with two illumination conditions-one with uniform intensity and the others with linear intensity distribution, as the noise effect was less significant in the simulations. With 15% intensity variation along the " h" pattern, as shown in the inset of Fig. 4(c) , the calculated AS-FTH image in Fig. 4(c) shows a reconstructed image comparable to that of the experimental result. Figure 4(d) shows the intensity profiles of AS-FTH measured along the red arrow in Fig. 4(c) for the cases of uniform intensity (blue dots), and linear intensity variation of 5% (black triangles) and 15% (red squares). In the case of the 15% intensity variation, the negative background is noticeable at the left edge, while it was not significant in the case of 5% intensity variation. Thus, the simulation result shows that the deformation of experimental AS-FTH image originated mainly from the spatial intensity variation of the x-ray laser beam, which can be improved by minimizing the intensity variation of a light source.
In order to obtain proper reconstruction of AS-FTH in practical situations, the reconstructed object signal, i.e., cross-correlation signal, should be stronger than the background signal from the remnant after the subtraction of the autocorrelation signal. One solution is to suppress the background signal by minimizing the illumination change during two image acquisitions. For this purpose, an in-line mask can be introduced to block and open the reference pinhole so that two image acquisitions can be performed in a short time interval. The AS-FTH coupled with the in-line blocker can be a practical solution for real applications. Another possible approach is to increase the intensity of cross-correlation signal using a strong reference wave. This can be achieved by introducing an extended reference, used in the "holography with extended reference by autocorrelation linear differential operation" (HERALDO). 21, 27 In applying HERALDO to AS-FTH, the contribution of the autocorrelation signal by an extended reference should be negligible by adopting a thin line reference so that the autocorrelation signal could be properly subtracted. Therefore, the limitation of AS-FTH can be improved using in-line mask and producing strong reference wave.
In summary, we have obtained the holographic image of a sample violating the separation condition of FTH by applying the AS-FTH method. This technique allows the recovery of the reconstructed image buried under the autocorrelation signal. By eliminating the separation condition using AS-FTH, the reference pinhole for FTH can be located close to the sample boundary, reducing significantly the required area of coherent illumination in FTH. In another sense, for a Fig. 4(c) for the cases of uniform intensity (blue dots), and linear intensity variation of 5% (black triangles) and 15% (red squares).
given illumination condition, the size of a sample can be three times larger than that of the nominal FTH. Equivalently, AS-FTH makes it possible to obtain holographic images with a weak illumination source by reducing the illumination area using stronger focus close to the size of samples. Consequently, the AS-FTH method will be a powerful imaging technique for investigating large specimens using a tabletop coherent X-ray source.
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